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Very Important Paper

Investigating Electrode Flooding in a Flowing Electrolyte,
Gas-Fed Carbon Dioxide Electrolyzer
McLain E. Leonard,[a] Lauren E. Clarke,[a] Antoni Forner-Cuenca,[a, b] Steven M. Brown,[a] and
Fikile R. Brushett*[a]

Introduction

Developing efficient CO2 electroreduction processes, which lev-
erage renewable electrons, can provide sustainable pathways

to a range of fuels, chemicals, and plastics while also displacing
anthropogenic greenhouse gas emissions.[1] Aqueous-phase

CO2 delivery has been the preferred method for evaluating

electrocatalytic materials at ambient conditions (298 K,
1 atm).[2–4] However, electrochemical performance in such con-

figurations is constrained by low CO2 solubility (33 mm)[5] and
diffusivity (1.9 V 10@5 cm2 s@1),[6] which, in turn, lead to mass-

transport limitations that set an upper limit on current density
of approximately 20 mA cm@2.[7] Gas-phase delivery is an alter-
native approach, in which CO2 is fed into an electrolysis cell

through a gas-diffusion electrode (GDE), the catalyst layer (CL)
of which interfaces with an electrolyte layer. In this configura-
tion, the higher diffusivity of gaseous CO2 (&10@1 cm2 s@1)[6]

and the reduced diffusion lengths within the CL enable in-

creased current densities, typically an order of magnitude or
greater over atmospheric aqueous-phase cell designs.[8–10]

Indeed, gas-fed devices have demonstrated high geometric-

area-specific current densities with a variety of CO- and hydro-
carbon-selective metal electrocatalysts.[10–15] However, most

emerging gas-fed CO2 electrolyzers often exhibit limited dura-
bility, with performance decay after only a few hours of opera-

tion,[16, 17] in part because these cell formats employ GDEs

based on repurposed polymer electrolyte fuel cell (PEFC) mate-
rials that are not tailored to electrolysis applications.

Gas-diffusion layers (GDLs) in PEFCs are responsible for facili-
tating gas, liquid, electron, and heat transport in the presence

of the reactant gases and water, so material composition and
microstructures have been optimized accordingly. For example,

removing water from the cathode CL is crucial to device opera-

tion, especially at high currents when generated liquid water
inhibits oxygen flux. To this end, densely-packed partially-hy-

drophobized microporous layers (MPLs) coated onto carbon-
fiber substrates (CFSs) serve both as high-surface-area, elec-

tronically-conductive contacts to the CL and as effective media
for water management.[18–20] Studies focused on water trans-

port in PEFCs, enhanced by advanced operando imaging tech-
niques, have motivated engineering both GDL microstructure
and surface chemistry to achieve high power operation under

water-saturated conditions.[21–28]

Recently, the need to understand electrolyte wetting phe-

nomena at the gas–liquid interface within the GDE has been
identified as an important area of investigation towards im-

proving electrode durability for CO2 reduction.[29] Although

PEFC GDLs embody desirable properties for CO2 electrolyzers
(e.g. , geometry, permeability, electrical conductivity), these ma-

terials are not designed to meet all requirements for device
longevity (e.g. , resistance to liquid electrolyte percolation, sta-

bility in alkaline pH, durability under deeply cathodic poten-
tials). Specifically, the efficacy of the MPL as a barrier to liquid

Managing the gas–liquid interface within gas-diffusion electro-
des (GDEs) is key to maintaining high product selectivities in

carbon dioxide electroreduction. By screening silver-catalyzed
GDEs over a range of applied current densities, an inverse cor-
relation was observed between carbon monoxide selectivity
and the electrochemical double-layer capacitance, a proxy for
wetted electrode area. Plotting current-dependent per-
formance as a function of cumulative charge led to data col-

lapse onto a single sigmoidal curve indicating that the passage
of faradaic current accelerates flooding. It was hypothesized

that high cathode alkalinity, driven by both initial electrolyte

conditions and cathode half-reactions, promotes carbonate for-

mation and precipitation which, in turn, facilitates electrolyte
permeation. This mechanism was reinforced by the observa-
tions that post-test GDEs retain less hydrophobicity than pris-
tine materials and that water-rinsing and drying electrodes
temporarily recovers peak selectivity. This knowledge offers an
opportunity to design electrodes with greater carbonation tol-

erance to improve device longevity.
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electrolyte permeation, as is the case in liquid-electrolyte-
based CO2 electrolyzers, is limited by increasing apparent hy-

drophilicity over time.[12] Often, hydrophobicity/-philicity is
measured by sessile drop contact angles (q) between a surface

(e.g. , graphite) and a test fluid (e.g. , water). High contact
angles (q>908) are indicative of hydrophobicity, whereas low

contact angles (q<908) describe hydrophilicity. Because water
can exhibit a range of solid–liquid contact angles, 658<q<

958, across an assortment of graphitic and carbon-fiber surfa-

ces,[30–33] wet-proofing material, for example, polytetrafluoro-
ethylene (PTFE), is coated onto the carbon components to
ensure that GDLs are hydrophobic.[33, 34] Translating this con-
cept to alkaline CO2 electrolysis, a previous study by Kim et al.

showed that tuning MPL PTFE loading to control electrolyte
wetting improved CO selectivity over the parasitic hydrogen

evolution reaction (HER).[35] Although this work demonstrated

promising CO2 reduction activity with Ag-coated GDEs (Ag-
GDEs), the short runs typical of catalyst screening experiments

(i.e. , several minutes to an hour) may not allow enough time
for the detrimental effects of electrode flooding to become ap-

parent. Longer-term operation in the gas-fed, flowing electro-
lyte format is sometimes explored, but stable performance re-

mains elusive. In these cases, electrode flooding along with a

changeover from CO to H2 in the product gas stream are con-
sistently reported.[11, 16]

Pursuant to the goal of better understanding the dynamics
of GDE flooding in a flowing electrolyte CO2 electrolyzer, we

conducted a systematic study of electrode stability across a
range of current densities in an alkaline electrolyte. In addition

to voltage–current and product composition measurements,

we quantify the electrochemical double-layer capacitance
(EDLC) to track electrolyte ingress into the GDE during electrol-

ysis. We hypothesized that EDLC, proportional to wetted elec-
trode area, is inversely correlated with cell performance and

that measurable deviations from the desired steady state, spe-
cifically the transition from CO to H2 production, may be cap-

tured by this metric. Recently, EDLC measurements have been

used to quantify the wetted surface area of macroporous, fi-
brous carbon GDLs when subjected to a range of capillary
pressures with electrolyte on one side and air at ambient con-
ditions on the other.[36] Although direct measurement of
wetted surface areas is desirable, it is best suited for homoge-
neous materials with a defined specific capacitance (in units of

F per unit area) extracted from a representative sample of a
known geometric area and minimal roughness. In contrast, cat-
alyst-coated GDEs are composite materials with regions of dis-
tinct surface chemistry that preclude quantitative deconvolu-
tion through a single EDLC measurement.[37] Despite this con-

straint, meaningful performance comparisons can still be made
between consistently prepared electrodes. Accordingly, EDLC

measurements are a powerful technique for tracking electro-

lyte penetration for CO2 electrolyzers and other electrochemi-
cal devices that rely on stable gas–liquid interfaces (e.g. ,

metal–air batteries, water electrolyzers, chlor–alkali electrolyz-
ers).

Results and Discussion

CO2 electrolysis and capacitance measurements

We employed the electrochemical reduction of CO2 to CO on
Ag as a model reaction owing to its high selectivity, gaseous

reactants/products, and robustness across multiple catalysts
and cell configurations.[3, 13, 15, 38–42] We evaluated catalyst-coated
Freudenberg GDLs in a custom-built, gas-fed electrolyzer with

a flowing electrolyte (Figure 1). GDLs with MPLs (Freudenberg

H23C6) were airbrush-coated with an ink containing Ag nano-

particles (&0.5 mg cm@2
geo) and an alkaline ionomer from Diox-

ide MaterialsQ to create GDEs with an active area of 2.55 cm2
geo

as shown in the representative SEM cross-section in Figure 1

(top). Freudenberg GDLs were selected for their mechanical
flexibility and relatively defect-free MPL,[43] which we anticipat-

ed may improve the flooding tolerance of the cathode. Addi-
tional SEM images of the GDE components (CFS, MPL, CL) are

provided in the Supporting Information (Figure S1).
For all experiments, Ag-GDE cathodes were loaded into the

cell shown in Figure 1 (bottom) along with a metallic Ni anode
and a Hg/HgO reference electrode to enable independent
measurement of individual electrode polarizations. The cell ge-
ometry was originally developed by our group as a small-scale
redox flow battery testing platform[44] and was recently adapt-

ed for a catalytic study of tin and tin oxide GDEs for electrore-
duction of CO2 to formate in a gas-fed, flowing alkaline electro-

lyte configuration.[45] In this study, the cathode side was outfit-

ted with a serpentine flow field machined from polymer-im-
pregnated graphite and operated in gas-phase delivery mode.

The serpentine flow field both provides electrical contact to
the GDE and facilitates liquid removal by flowing gas, which

allows experiments to continue until the advanced stages of
electrode flooding. The anode side is outfitted with a Ti current

Figure 1. GDEs (top, Freudenberg H23C6) with an Ag CL, an MPL, and a CFS
are loaded into a custom-built gas-fed, flowing-electrolyte electrolyzer
(bottom) with a Hg/HgO reference electrode. An exploded view of the cell
shows the (1) diffuser plates, (2) O-ring gaskets, (3) current collectors/flow
fields, (4) gas-diffusion electrode (cathode)/metal electrode (anode),
(5) planar gaskets, and (6) electrolyte flow channel with reference electrode.
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collector that is stable at the highly oxidizing poten-
tials required for the oxygen evolution reaction

(OER). Evolved O2 gas and unrecovered cathode gas
bubbles are removed from the cell by the flowing

electrolyte stream and vented to atmosphere. The
cell assembly protocol (Section S1), a schematic (Fig-

ure S2) and images (Figure S3) of the experimental
setup, and a description of electrolyzer startup (Sec-

tion S2) are provided in the Supporting Information.

Pure (99.999 %) CO2 was fed at 20 sccm to the
CFS-side of the Ag-GDE. An alkaline KOH electrolyte
(pH 13.6) was chosen instead of a neutral to mildly
alkaline pH K2CO3/KHCO3 electrolyte to minimize so-

lution resistance across the full cell.[6] Higher pH also
enables lower overpotentials for converting CO2 to

CO and/or hydrocarbons.[13, 46] To control the effects

of carbonation, which consumes up to 5 % of the
feed CO2 at open circuit voltage (OCV) (Figure S4 in

the Supporting Information), the electrolyte stream
was not recirculated but rather passed once through

the cell at 1 mL min@1. These operating conditions
mirror those commonly reported in the field and,

therefore, illuminate the challenges of GDE durability

in present-day flowing alkaline electrolyte configura-
tions.[12, 13, 35, 38, 47–50]

Each experiment was divided into 15 min seg-
ments that are composed of a high-frequency resist-

ance measurement (10 s) to determine solution re-
sistance between the cathode and the Hg/HgO ref-

erence electrode, a series of voltammetric sweeps

between @100 and + 50 mV vs. Hg/HgO to estimate
cathode EDLC (50 s total), and, finally, a galvanostatic

hold (14 min 15 s). At the end of every time segment, the efflu-
ent gas from the cathode half-cell was sampled by a GC

system. The effluent electrolyte was not analyzed for the pres-
ence of liquid-phase products because Ag electrocatalysts are

anticipated to generate primarily gaseous CO and H2 at the

conditions tested.[2, 3]

Constant-current electrolysis, that is, galvanostatic, experi-

ments were run to probe the effect of current density on CO
mole fraction in the effluent gas over time. An advantage of

galvanostatic operation, as compared to potentiostatic opera-
tion, is that the total product gas generation rate should

remain constant because both reaction products, CO and H2,
require 2 moles of electrons per mole of product as shown in
the following half-reaction Equations (1) and (2) (Section S3 in

the Supporting Information):

CO2ðaqÞ þ H2OðlÞ þ 2 e@ ! COðgÞ þ 2 OH@ðaqÞ
E0¼ @0:10 V vs: reversible hydrogen electrode; RHEð Þ ð1Þ

2 H2OðlÞ þ 2 e@ ! H2ðgÞ þ 2 OH@ðaqÞ
E0¼ 0:00 V vs: RHEð Þ ð2Þ

The graphical representation of gas-fed CO2 electrolysis

shown in Figure 2 a depicts both desired and flooded opera-
tional states within an Ag-GDE. As described earlier, nominally

hydrophobic GDLs are used to limit electrolyte intrusion into
the gas stream while maintaining CO2 flux. However, once

electrolyte floods the GDE, the liquid diffusion length for CO2

to the CL increases to the point that the CO2 flux cannot sup-

port the current demand for CO production, and HER becomes

favored throughout the wetted portions of the electrode.
The evolution of electrode performance as a function of

time across a series of current densities (25, 50, 100, 150, and
196 mA cm@2) is shown in Figure 2 b. Across all current densi-
ties tested, the peak CO mole fraction was >90 %, which
agrees with performance from previous reports using Ag-cata-

lyzed GDEs.[13, 38] After the first 15 min of operation, notable dif-
ferences emerged when applying different current densities.
For low-to-moderate current densities there was a period of

steady CO production, ranging from 1 to 5 h and inversely de-
pendent on the magnitude of the applied current density, fol-

lowed by a catastrophic failure evinced by a rapid decrease in
the CO product mole fraction, whereas for the higher current

densities of 150 and 196 mA cm@2, the electrode transitioned

from CO to H2 production within 30 min of operation. The
cathode potential grew more negative during stable operation

but became more positive as the dominant product transi-
tioned from CO to H2 (Figure S5 in the Supporting Information)

and more of the GDE carbon became wetted by electrolyte. As
the accessible area for HER increased, the cathode potential

Figure 2. (a) GDE flooding limits CO2 flux to the catalyst layer and promotes HER. (b) In-
creasing current densities [mA cm@2] applied to Ag-GDEs are associated with a decreasing
CO mole fraction in the product gas mixture [%]. (c) As operation proceeds the capaci-
tive currents extracted from cyclic voltammetry every 15 min increase. (d) Sudden cata-
strophic losses in CO production qualitatively correlate inversely with sharp increases in
capacitance [mF] across all current densities.
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was anticipated to decrease in magnitude. The HFR traces do
not show a clear trend among the current densities tested

(Figure S6 in the Supporting Information).
EDLC (hereafter referred to as capacitance) measurements

provided additional insight into the cathode state as the prod-
uct gas mole fraction transitioned from CO- to H2-rich. As
shown in Figure 2 c, we observed that the currents from cyclic
voltammetry increased over time, indicating changes at the
electrode–electrolyte interface. After extracting and processing

the capacitive currents at each time point, we plotted the ca-
pacitance as a function of time (Figure 2 d). We found that

when we held the cell at OCV for at least 8 h as a zero-current
baseline we observed relatively steady capacitance between
0.5–1.0 mF over time, indicating that the electrode–electrolyte
interface is stable before electrolysis begins. After passing fara-

daic current through the cell for 15 min, the capacitance in-
creased to 1.5–2.0 mF for all current densities. Similar to the
product composition traces in Figure 2 b, we observed steady
capacitance for low-to-moderate current densities until a
sudden increase that coincided with performance failure.

In general, we observed a qualitatively inverse correlation
between CO mole fraction in the product gas and cathode ca-

pacitance (Figure S7 in the Supporting Information). We also

saw that changes in capacitance lagged behind changes in CO
mole fraction by at least 15 min. This delay coupled with the

observation that the capacitance subtly decreases prior to
each catastrophic flooding event suggests that liquid electro-

lyte penetration into the GDE may not be the sole cause of
performance failure.

From the collection of traces in Figure 2 b, d, we saw that

the rate of GDE failure is positively correlated with increasing
current. Exploring the possibility that faradaic processes influ-

ence the time to failure, we plotted CO mole fraction (Fig-
ure 3 a) and capacitance (Figure 3 b) as a function of the cumu-

lative charge passed (Q) in Figure 3, in which Q = I V t, I is abso-
lute current [mA], and t is time passed [h]. Although reporting

electrochemical data as a function of charge passed (units of

mAh), as opposed to time, is more commonly associated with
energy-storage devices, in the present context, quantifying

charge passed until failure may provide insight into the “ca-
pacity” of the GDE. Interestingly, we observed a collapse of the

CO mole fraction data onto a single sigmoidal curve (Fig-
ure 3 a), with especially good agreement at low charges (&0–

400 mAh), suggesting that current-dependent changes to the

electrolyte (e.g. , increased cathode alkalinity leading to acceler-
ated carbonation) may influence the rate of flooding. Further-

more, the capacitance data (Figure 3 b) reveals a similar onset
charge to flooding across experiments, although there is scat-

ter at higher charges (>400 mAh) after the onset of product
changeover. The capacitance data, plotted either as a function

of time (Figure 2 d) or charge (Figure 3 b), do not appear to ap-

proach a consistent maximum value at the advanced stages of
electrode failure. We reason that flooding pathways are sto-

chastic in both the MPL and CFS and that the extent of observ-
able GDE saturation resulting from electrolyte permeation

throughout the CFS varies owing to microstructural differences
between individual electrodes. Enlarged plots of data in Fig-

ure 3 a, b from 0 to 500 mAh (Figure S8 in the Supporting Infor-
mation) along with a description of the sigmoid function used

for qualitatively fitting each data set are provided in the Sup-
porting Information.

The chemical and physical mechanisms that underlie these
trends are not yet fully understood and, to our knowledge,

have neither been extensively reported nor discussed in the

context of gas-fed CO2 electrolyzers. Although GDE flooding
may be caused by a variety of phenomena (e.g. , macroscopic
pressure imbalances, evolutions in surface wettability, evapora-
tion-condensation), for this study, we focus on the connections

between carbonation and flooding because we consistently
observed salt crystallites on the backside of flooded GDEs and

at the inlet of the cathode flow field (Figure S9 in the Support-

ing Information). Specifically, we postulate that the transition
from CO to H2 production within GDEs is driven by phenom-

ena that occur in parallel with electrolysis but manifest and
negatively impact performance at different rates.

The first phenomenon is electrolyte carbonation, which
occurs wherever dissolved CO2 and OH@ ions co-exist. This ef-

fectively includes all electrolyte-wetted regions of the Ag-GDE.

Indeed, such CO2 chemisorption is deliberately leveraged in
direct air-capture processes to selectively remove dilute CO2

from the atmosphere.[51] First, CO2 reacts with one OH@ to form
an HCO3

@ intermediate, then the newly formed HCO3
@ reacts

with a second OH@ to produce one CO3
2@ and one H2O mole-

cule as shown by the following chemical Equations (3) and (4):

Figure 3. Plotting (a) CO mole fraction in the product gas [%] and (b) capaci-
tance [mF] as functions of cumulative charge [mAh] results in some collapse
of the performance data. This indicates that faradaic processes, that is, CO2

reduction and HER, likely contribute to the onset of GDE failure.
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CO2 aqð ÞþOH@ aqð ÞÐHCO@3 aqð Þ ð3Þ

HCO@3 aqð ÞþOH@ aqð ÞÐCO2@
3 aqð ÞþH2OðlÞ ð4Þ

A kinetic study reported by Schulz et al. showed that the for-

ward rate for Equation (4) is faster than that for Equation (3),

so most CO2 that reacts with the OH@-rich electrolyte is effec-
tively converted to CO3

2@.[52] We see that this parasitic loss is in-
itially overcome to sustain high selectivity for CO production,
likely because CO2 is fed in stoichiometric excess. However, car-

bonation of the electrolyte not only increases single-pass con-
version to the undesired products of HCO3

@ and CO3
2@, but

also indirectly slows CO2 reduction kinetics by initiating an un-

favorable shift towards more neutral pH.[48] Furthermore, galva-
nostatic operation ensures that HER, which also produces OH@

ions [Eq. (2)] , will substitute for any lost CO2 reduction within
the CL. Therefore, as the rate of CO2 electrolysis decreases, the

persistently high local pH owing to HER in the presence of any
excess CO2 will accelerate the carbonation rate in a positive

feedback loop. This performance drift is mirrored by negative/

cathodic drift in the electrode potential trace that emerges
before the onset of catastrophic flooding (Figure S5 in the Sup-

porting Information). When operating galvanostatically, such
increases to the cathode potential can be attributed to some

combination of increased kinetic overpotential owing to local
electrolyte neutralization and increased CO2 mass-transport re-

sistance as liquid blocks gas-diffusion pathways.

The second phenomenon is the emergence of physical
blockages within the GDE that inhibit CO2 flux and promote

HER. Both solid (i.e. , salt crystallites) and liquid (i.e. , electrolyte)
species emerge on the gas side of the cathode flow field (Fig-

ure S9 in the Supporting Information) once liquid electrolyte
breaks through the GDE. After partially filling the CFS, liquid

electrolyte is trapped until sufficient convection is applied to

physically displace the droplets or until the water evaporates,
leaving behind salt crystals that hinder gas flux to the CL.[53] As

the pure CO2 feed contacts the electrolyte, carbonation to-
gether with water evaporation synergistically increase the like-
lihood of precipitation because KHCO3 (3.62 mol kg@1 H2O) and
K2CO3 (8.03 mol kg@1 H2O) have lower solubilities than KOH
(21.57 mol kg@1 H2O) on a molal basis.[6] Furthermore, both hy-

drated and dehydrated alkali carbonates in the solid phase
(e.g. , K2CO3) can also consume additional CO2 to produce bi-
carbonates (e.g. , KHCO3) per the following Equations (5) and
(6):[54]

K2CO3þ1:5H2O sð ÞþCO2 gð ÞÐ2KHCO3ðsÞþ0:5H2O gð Þ ð5Þ

K2CO3 sð ÞþCO2 gð ÞþH2O gð ÞÐ2KHCO3ðsÞ ð6Þ

Because our ability to measure species concentrations at rel-

evant length scales (&mm) within GDEs is limited, precise ac-
counting of chemical and electrochemical reaction dynamics is

difficult to achieve experimentally. Nonetheless, owing to the
mass action reflected by Equations (1)–(6) we anticipate that

complex dynamic equilibria between ionic species emerge
near the CO2–electrolyte interface during electrolysis, depend-

ing on the operating conditions and the movement of species
within the electrode microstructure.

The collapse of the performance data when plotted as a
function of cumulative charge (Figure 3) suggests that the

electrode has a charge threshold that, if exceeded, will lead to
failure. Charge directly translates to newly formed OH@ ions

that become available for carbonation reactions [Eqs. (3) and
(4)] near the gas–liquid interface of the GDE. By considering
the electrolysis data in Figures 2 and 3 together with the stoi-

chiometry of Equations (1)–(4), we can infer that the carbona-
tion rate at the cathode increases with current density. Indeed,

electrochemically mediated CO2-separation schemes leveraging
this phenomenon have been proposed.[55–57] Accordingly, we

hypothesize that GDE failure is initiated by carbonate salt pre-
cipitation followed by rapid electrolyte percolation through

the crystallites, which retards CO2 transport sufficiently as to

necessitate H2 generation through water splitting to meet im-
posed galvanostatic requirements. A similar electrode degrada-

tion mechanism has previously been proposed for air-fed,
flowing electrolyte alkaline fuel cells.[58] This hypothesis is fur-

ther supported by results from fundamental porous media
evaporation studies, which show that once salt crystallites ef-

floresce at the MPL-CFS interface, they can pump water

through the MPL by capillary action owing to their hygroscop-
ic character.[59]

Managing the parasitic capture of CO2 by aqueous electro-
lytes and the precipitation of carbonate salts, thereafter, may

benefit from electrode-level models that can predict precipita-
tion events in response to selected operating conditions such

as the ionic strength of the electrolyte, the bulk electrolyte pH,

the pH of the electrode–electrolyte interface, and the water
vapor content in the feed gas.[60] Given the diversity of porous

media available, the characteristic behavior for the Freuden-
berg GDLs presented here may not be representative of or

predictive for all GDEs, but the underlying chemical and physi-
cal phenomena associated with CO2 electrolysis, OH@ genera-

tion, and carbonation are expected to persist for all electrodes

and for all mild-to-strong alkaline aqueous electrolytes used in
a gas-fed, flowing electrolyte configuration. For the remainder
of this work, we seek to validate the proposed carbonate-
driven flooding mechanism and to explore the possibility of re-

storing electrode functionality after failure.

Capillary pressure breakthrough measurements

To explore the extent to which the magnitude of the faradaic

current impacts the severity of electrode failure, we character-
ized the post-test ex situ flooding resilience of Ag-GDEs used

in the electrolysis experiments. We employed capillary pressure
imbibition with deionized water to quantify and map the ap-

parent loss of hydrophobicity of Ag-GDE samples. Water is an

appropriate test liquid for these experiments because the KOH
solution used in the electrolysis experiments (&5 wt %) has

similar density (1.05 g cm@3) and surface tension (0.075 N m@1)
to water (0.99 g cm@3, 0.073 N m@1) at room temperature

(20 8C).[61] Capillary pressure imbibition is a method by which
gas–liquid pressure differences (Pl@Pg) are applied across a
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porous material to induce intrusion or withdrawal of liquid. It
has been utilized extensively to characterize the wettability/

saturation characteristics of PEFC cathode GDLs.[62–65] In the
CO2 electrolysis field, carbon-based GDLs with MPLs adopted

from PEFCs have been understood to be macroscopically hy-
drophobic and, therefore, are considered suitable candidates

for catalyst scaffolds and gas–liquid barriers.[66] However, be-
cause carbonate salts are hygroscopic, any embedded crystalli-
tes left behind after electrolyte flooding events would decrease

the resilience of the electrode to liquid intrusion.
To quantify the possible effects of electrolysis on apparent

electrode hydrophobicity, we measured the breakthrough
pressure of water through GDLs and GDEs with the MPL (if ap-
plicable) facing the water in a custom-designed apparatus (Fig-
ure S10 in the Supporting Information) inspired by analogous

setups in the literature.[53, 64, 67, 68] First, circular samples of pris-

tine carbon-paper GDLs with (Freudenberg H23C6) or without
(Freudenberg H23) MPLs were screened as comparisons for

the Ag-GDE samples. As reported in the two leftmost data in
Figure 4 a, the average breakthrough pressure (N = 5) for the

CFS (Figure S1a in the Supporting Information) is 23 mbar.
After adding an MPL (Figure S1 b in the Supporting Informa-

tion) to the CFS, the average breakthrough pressure (N = 5) in-

creases by an order of magnitude (642 mbar). Next, the same
Ag-GDEs used for the experiments reported in Figure 2 were

screened post-test. Prior to imbibition, Ag-GDE samples were
removed from the electrolysis cell, thoroughly rinsed with de-

ionized water to remove any surface salts and excess electro-
lyte, and then left to dry in ambient laboratory air. For these

electrodes we expected the breakthrough pressures to de-

crease in the base case owing to the application of an Ag CL
that includes hydrophilic ionomer (Figure S1 c in the Support-

ing Information), which may seep into the MPL during airbrush
deposition (Figure S11 in the Supporting Information).[69] The

low surface tension of organic–aqueous mixtures that consti-
tute the carrier solvents for catalyst inks may be responsible
for the formation of hydrophilic regions within the GDE near

the CL–MPL interface. However, embedded crystallites were
anticipated to have a more drastic effect on flooding resilience
(see above). Indeed, the breakthrough pressures for these sam-
ples (N = 2 for OCV, 25, 100, 150, 196 mA cm@2 and N = 1 for
50 mA cm@2) decreased to less than 100 mbar, except for the
25 mA cm@2 samples, which retained more of the breakthrough

resistance. The 196 mA cm@2 samples exhibited the lowest
average breakthrough pressure (22 mbar), which is equivalent
to that of the CFS in isolation (23 mbar). The samples held at

OCV retained an average breakthrough pressure (446 mbar)
that is closer to a pristine GDL with MPL than to any of the

post-run samples, suggesting that immersing GDEs in electro-
lyte without passing faradaic current may not compromise the

hydrophobicity, at least not at these experimental timescales.

The lower breakthrough pressures for used GDE samples
could be explained by either irreversible mechanisms, such as

chemical degradation of PTFE, or reversible mechanisms, such
as efflorescent salt deposits within the GDL. Although PTFE

degradation has been reported under cathodic potentials in
aqueous electrolyte,[70] additional spectroscopic, microscopic,

and chemical analyses may be required in the future to evalu-
ate the extent to which this failure mode impacts performance.
Strengthening the hypothesis of carbonation-accelerated elec-

trode failure is the observation of well-distributed liquid break-
through points on the CFS that likely correspond to the loca-

tions of salt deposits left behind by electrolyte flooding and

carbonate precipitation. Representative CFS images under pos-
itive capillary-pressure conditions are shown in Figure 4 b. Al-

though we observed a diminishing resilience to the initial
liquid breakthrough with increasing current density, water

eventually percolated through multiple points simultaneously
at sufficiently high capillary pressures across all samples. The

carbonate-driven flooding mechanism is quantitatively sup-

ported by the observation that flooding resistance of each
sample generally decreased with increases in applied current

density. This aligns with the notion that higher current density
produces higher alkalinity and, therefore, increased carbona-

tion within the wetted regions of an electrode (see above). Be-
cause we observed that water eventually percolates at multiple

Figure 4. (a) Breakthrough pressures for Ag-GDEs decrease with increasing
current density (25–196 mA cm@2) and approach the value for the bare CFS
(H23), whereas the Ag-GDE held at OCV retains a breakthrough resistance
that is closer to the value for uncoated GDL with an MPL (H23C6). (b) Repre-
sentative images of the CFS while applying a capillary pressure 100 mbar in
excess of the breakthrough point to the MPL side of Ag-GDEs demonstrate
the greater extent of liquid percolation for Ag-GDEs after operation at dispa-
rate current densities.
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locations for all post-test samples, we can also infer that this
failure mechanism is common to all Ag-GDEs used in this

work.
We confirmed the presence of crystallized salts in the pores

of flooded GDEs by combining cross-sectional SEM images
with elemental mapping of C, Ag, F, K, and O. We see from

maps of the pristine (Figure S12 in the Supporting Informa-
tion), post-test 25 mA cm@2 (Figure S14 in the Supporting Infor-
mation), and post-test 196 mA cm@2 (Figure S14 in the Support-

ing Information) samples that the K signal conformally covers
the MPL-regions of both flooded samples, but not the pristine
sample. Discrete K nodules are visible for the 196 mA cm@2

sample, but not for the 25 mA cm@2 sample, suggesting that

the carbonation rates, which vary with applied current density,
impact the size, location, and likely growth dynamics of the

salt deposits. Overall, we see from both imaging and ex situ

breakthrough pressure measurements that the favorable barri-
er properties of the MPL are nullified by the presence of em-

bedded salts left behind after electrolyte flooding. To comple-
ment the findings from this ex situ study, we sought to test

our hypothesis of carbonation-driven flooding by probing the
reversibility of electrode failure.

Gas-diffusion electrode recovery

Based on the results from both electrolysis (Figures 2 and 3)
and breakthrough pressure (Figure 4) measurements, we ex-

plored the possibility of recovering electrode performance
through either in situ OCV holds or ex situ electrode restora-

tion. If periodic restoration is required, then in situ recovery fa-
cilitated by switching to OCV would be the more appealing
operating strategy because it avoids cell disassembly.

First, we operated the cell galvanostatically at 50 mA cm@2

for 1 h at the same conditions as the previous electrolysis ex-
periments (Figure 2) before switching the cell to OCV for an
extended hold. The peak CO mole fraction (Figure 5 a) re-

mained over 95 % during the initial 1 h galvanostatic period,
confirming that substantial flooding had yet to occur. This was

also supported by the capacitance trace, which showed that

the GDE was stable during the initial hour and for the next
48 h while at OCV. During this extended hold, the gas outlet

stream was not flooded with electrolyte, but some condensa-
tion was visible through the acrylic backing plate near the gas

outlet. The moisture may either come from evaporation of
water in the electrolyte or from water liberated as a product of

the HCO3
@ to CO3

2@ reaction at the gas–electrolyte interface

[Eq. (4)] . Regardless of the source, if not managed appropriate-

Figure 5. (a) Operating the cell at 50 mA cm@2 for 1 h and then switching to OCV for 48 h results in nearly immediate performance failure after restoring cur-
rent. This indicates that flooding may occur slowly at OCV but is likely accelerated by faradaic processes. (b) Drying a partially flooded GDE after operating at
50 mA cm@2 does not restore the initial performance. (c) The portion of the GDE closest to the serpentine channel inlet, where CO2 concentration is highest
and humidity is lowest, floods first as indicated by the darker portion of the CFS. (d) Rinsing partially flooded GDEs in deionized water and subsequent drying
restores much of the peak performance although it gradually decreases after repeated uses.
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ly, moisture buildup in the gas channel without the passage of
current is anticipated to be problematic for electrolyzer lon-

gevity. After current was restored, the performance was only
stable for approximately 30 min before catastrophic failure.

The total time on stream before failure was approximately 2 h
of galvanostatic operation when including a current pause,

which was somewhat shorter than the uninterrupted experi-
ment (Figure 2) that lasted approximately 2.5 h. Even though

there were no detectable changes to the cathode capacitance

after 1 h of electrolysis, it appears that carbonation compro-
mises the electrode performance even when the cell is held at

OCV. Because carbonation persists in the absence of current,
in situ restoration strategies like the one explored here may ul-

timately be ineffective.
Depending on the frequency of intervention, ex situ elec-

trode rinses may be a viable approach for removing salt from

porous electrodes. To this end, we tested if rinsing and/or
drying GDEs could recover the same CO2 conversion per-

formance as pristine ones. Previous works reported rinsing
GDEs after CO2 reduction to restore electrochemical activity,

but the wetted state of the electrode during operation beyond
the achievable current density and faradaic efficiency was not

discussed.[16, 71, 72] Continuing with the same electrolysis proto-

col, we started by running experiments at 50 mA cm@2 until
the onset of GDE failure, defined here as the inflection in the

CO mole fraction trace. Next, we shut down the electrolyzer,
removed the Ag-GDE, and either (1) dried or (2) rinsed and

dried the electrode before reinstalling it in the cell. First, we
observed from the CO mole fraction and capacitance traces in

Figure 5 b that vacuum drying alone resulted in GDE failure

within 30 min of starting the subsequent run. After partial
flooding we observed electrolyte measured to be approximate-

ly pH 10 by a pH test strip (0–14 scale, VWR International) on
the CFS closest to the gas inlet of the serpentine flow field, as

indicated by the darker regions of a representative image (Fig-
ure 5 c). In this pH range, the electrolyte likely contains both

KHCO3 and K2CO3.[52] The liquid distribution on the CFS sug-

gests a non-uniform permeation rate across the electrode area.
Notably, flooding is concentrated where the CO2 concentration

is the highest and the flowing gas humidity is lowest, which
aligns with conditions that most strongly shift chemical and

physical equilibria towards carbonation and precipitation of
K2CO3/KHCO3 crystallites.

Next, we used the same electrolysis conditions but rinsed
the GDE with deionized water after each run and prior to
vacuum drying. As shown in Figure 5 d we observed that rins-

ing and drying a partially flooded GDE between each run re-
stored much of the performance. However, the maximum CO

mole fraction continually decreased, albeit by relatively minor
amounts on subsequent runs, demonstrating that each rinse/

dry cycle did not fully restore peak performance. These obser-
vations agree with a recent report by Endrődi et al. for a multi-
cell CO2 electrolyzer stack study, in which they injected water

into cathode gas stream to wash away K2CO3 precipitates that
block CO2 flux and observed that peak current density de-

creased over time at a fixed voltage.[71] In both their study and
our own, we observed that once the electrode has flooded it

can only be partially restored to its initial peak performance
with superficial rinsing. Interestingly, capacitance increased on
the second run as compared with the first and remained rela-
tively stable after subsequent uses, suggesting that it is diffi-
cult to completely remove salt crystallites that are deeply em-
bedded in the GDE by using our current washing methods.

The inability to remove all residual salts aligns with the re-
duced breakthrough pressure values measured for post-run

Ag-GDE samples that were also rinsed and dried prior to analy-
sis (Figure 4 a). Another possible, but untested, hypothesis is
that crystallization irreversibly damages the porous structure of
an electrode leading to higher permeability and reduced hy-
drophobicity. Additional electrode imaging analysis would be

required to unambiguously confirm or refute this supposi-
tion.[73] We confirm with this study that periodically restoring

the electrode by an ex situ rinse prolongs electrolyzer lifetime,

albeit at the expense of process feasibility. Specifically, removal
and refurbishment of electrodes from within industrial electro-

lyzer stacks would likely require repeated equipment disassem-
bly and reassembly, leading to additional maintenance costs

and compromised reliability. Ultimately, technical solutions will
be needed to minimize flooding during high-current operation

in gas-fed flow electrolyte systems.

Conclusions

Systematic screening of Ag gas-diffusion electrodes (GDEs) in a

gas-fed, flowing-electrolyte CO2 electrolyzer revealed that elec-

trode flooding rate correlates with applied current density.
GDEs used at the lowest current density (25 mA cm@2) demon-

strate peak CO mole fraction in the product gas near 95 % for
over 5 h whereas those used at the highest current density

(196 mA cm@2) maintain this peak performance for less than
15 min. Recognizing that faradaic current accelerates electrode

flooding and failure, we propose that carbonation serves not

only as a parasitic sink for reactant gas but also as a promoter
of GDE flooding by way of crystallite precipitation within the

nominally hydrophobic gas-diffusion layer (GDL) materials.
Ex situ measurements of water breakthrough pressures for

electrodes used in the electrolysis experiments reveal that
GDEs exposed to higher currents retain less of their initial hy-
drophobicity. Successful attempts to recover peak CO mole
fractions in the product gas by rinsing electrodes affirm that
carbonation and salt crystallization within the electrode are as-
sociated with performance failure. In our system, the collapse
of the electrolysis performance data onto a single curve when
plotted as a function of cumulative charge passed suggests
that each electrode may have a material-dependent carbonate
threshold that, if exceeded, will lead to precipitation and fail-
ure.

We note that reports identifying associations between car-
bonation and electrode failure exist within the alkaline fuel-cell
literature.[58, 74–76] Specifically, previous studies explored the

impact of CO2 contamination on gas-fed alkaline electrolyte
systems, albeit at lower concentrations. Rolla et al. reported

that feeding laboratory air to cathodes for the oxygen reduc-
tion reaction resulted in reduced current densities and gradual
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electrolyte flooding through the GDE along with detectable
precipitates at the gas–electrolyte interface after several hun-

dred hours on stream.[58] The authors also suggested that feed-
ing dehumidified air streams to the cathode accelerates

“ageing” of both carbon and polytetrafluoroethylene-based
GDEs through electrolyte dry out and salt precipitation. Thus,

although seemingly counterintuitive, humidified CO2 streams
may offer a pathway to extending electrode lifetime even
though the catalyst layer is wetted by an aqueous electrolyte.

Despite the fact that operating lifetime can be extended by
adjusting operating conditions, the persistence of the carbona-

tion problem has hampered market adoption of alkaline fuel
cells for critical areas such as mobility, in which PEFCs are now
the dominant fuel-cell technology.[77] Instead, alkaline fuel cells
are limited to stationary applications in which CO2 scrubbing

from the air feed stream is more tractable or to niche applica-

tions such as space, marine, or military for which the use of
pure reactant gases such as H2 and O2 is practical.[78]

Although this work focuses on Ag-GDEs in contact with a
flowing alkaline electrolyte for CO2-to-CO conversion, we antic-

ipate that persistent cathode alkalinity will broadly impact the
performance of both liquid- and solid-electrolyte systems. For

example, current-accelerated parasitic uptake of CO2 has been

reported for membrane-based CO2 electrolysis systems with
both weak carbonate electrolytes[79] or deionized water[80] fed

to the anode. Polymer electrolytes feature immobile cation
moieties that facilitate anion (i.e. , OH@ , HCO3

@ , and CO3
2@)

transport and remove the need for the mobile alkali metal cat-
ions (e.g. , Na+ , K+ , Cs+) responsible for the salt precipitation

that diminishes the effectiveness of GDEs in flowing electrolyte

devices. However, carbonation still occurs at the alkaline inter-
face of the cathode and anion-exchange membrane, facilitat-

ing the undesirable transport of CO3
2@ and HCO3

@ across the
cell and resulting in the discharge of CO2 at the locally acidic

anode. Consequently, the relationship between current density
and carbonation remains relevant for this electrolyzer configu-
ration.

We anticipate that insights from the electrochemical and
ex situ results presented here for a gas-fed flowing electrolyte
CO2 electrolyzer will direct attention towards the complex in-
terplay between faradaic and homogeneous reactions on and

within GDEs and how these processes influence electrolyte in-
gress over a range of current densities and operating condi-

tions (e.g. , temperature, humidity). Quantifying electrolyte sat-
uration in GDEs through direct operando imaging would com-
plement this work by elucidating and perhaps confirming the

physical origins of flooding at the interfaces between charged
porous media and electrolytes. Furthermore, past findings

from mature adjacent technologies aid in the interpretation of
new experimental observations and may inspire emergent GDE

designs and cell configurations for CO2 electrolysis. Specifically,

incorporating application-tailored microstructures and wetta-
bility into GDEs may facilitate carbonate clearance from the

gas–liquid interface that mitigates precipitation/flooding
events and promotes high CO2 conversion rates for extended

operation.

Experimental Section

Gas-fed flowing electrolyte CO2 electrolyzer

A gas-fed, flowing-electrolyte electrolyzer design adapted from a
low-volume redox flow battery platform was used for all electroly-
sis experiments.[44] The projected electrode area was 2.55 cm2

(1.7 cm V 1.5 cm), and the electrolyte chamber volume was
3.24 cm3 (1.7 cm V 1.5 cm V 1.27 cm). A polymer-impregnated
graphite plate with serpentine flow channel (MWI, G347B) served
as both the current collector and CO2 distributor to the cathode.
The working electrodes for all experiments were carbon-based,
Freudenberg H23C6 (FuelCell Store) GDLs featuring a CFS with
PTFE wet-proofing and an MPL. CLs were applied to the GDLs to
make GDEs by spraying an ink containing Ag nanoparticles with a
nominal size of 20–40 nm (Alfa Aesar, 45509-06), XA-9 alkaline ion-
omer (Dioxide MaterialsQ), isopropyl alcohol (IPA), and deionized
water onto the MPL with an airbrush (Speedaire, 48PX91) utilizing
nitrogen as a propellant. The ink formulation was 38 mL water,
38 mL IPA, and 1.3 mL XA-9 solution per mg Ag, and it was sonicat-
ed for 20 min to disperse the nanoparticles in solution prior to
spraying. Each sprayed batch contained 20 GDEs. Each GDE had a
total area of 2.0 cm V 2.0 cm with a catalyzed area of 1.5 cm V
1.7 cm. The total batch loading was determined by subtracting the
initial carbon paper mass from the final mass. The average catalyst
loading was measured by taking the total batch loading and divid-
ing it by the catalyzed (active) area (2.55 cm2) per electrode. The
catalyst loading for all GDEs was between 0.2 and 0.35 mg cm@2.
SEM images show that the metal particle sizes were larger than
20–40 nm owing to agglomeration during airbrush spray deposi-
tion (Figure S1 c in the Supporting Information). The counter elec-
trode for the OER was a nickel foam (Alantum, pure compressed
single sheet with initial 800 mm cell size) contacting a titanium
(McMaster-Carr, Grade 2) current collector selected to withstand
highly anodic potentials in the system. A Hg/HgO (CHI152) refer-
ence electrode was used for alkaline compatibility with a pH 13.6
KOH (Sigma–Aldrich, ACS reagent grade and/or Puriss. Grade) fill
solution to match the conditions in the flowing electrolyte channel.
The Hg/HgO reference electrode was checked against a saturated
calomel electrode (Fisher Scientific, nominally + 242 mV vs. stan-
dard hydrogen electrode, SHE) dedicated for calibration.

Material flows and pressure regulation

The electrolyzer was operated at ambient laboratory temperature
and at low back pressure (1–2 psig; 1 psig = 6894.76 Pa). CO2

(Airgas, Research Grade 5.0) was fed to the cell by a mass-flow con-
troller with a maximum-rated flow rate of 20 sccm (Brooks GF40
Series). The temperature, pressure, and volumetric flow rate of the
exiting gas stream was continuously monitored by a mass-flow
meter (Cole-Parmer, EW-17080-10, 50 sccm maximum). Electrolyte
was flowed once (i.e. , “single-pass”) through Norprene tubing
(Saint Gobain, L/S 14) to the cell with a peristaltic pump (Master-
flex L/S Standard Digital Pump) set at 1 mL min@1. All nominally 1 m
KOH solutions were prepared with deionized water (Millipore,
18.2 MW). The residual moisture content of the KOH pellets was
not considered during preparation, so the pH of all solutions was
measured to be 13.6 with a Metrohm 914 pH/Conductometer.
Single-pass operation was used to avoid carbonation-induced pH
changes to KOH electrolyte across the GDEs during multi-hour ex-
periments. Back pressure was maintained at the outlet of the gas
and liquid streams with dome-loaded, low-flow-rate back pressure
regulators (Equilibar, LF1SNN12B-NSMP10T100F4KK) set between
1.5–2.0 psig with compressed air to the reference port.
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Electrochemical measurements

A VSP-300 (Bio-Logic) potentiostat was used for all electrochemical
measurements. The channel used for all experiments was limited
to current/voltage of :500 mA/:12 V. The maximum current den-
sity for the electrolysis experiments (196 mA cm@2) was determined
by the upper current limit of the potentiostat. Data was collected
and exported by EC-Lab software (Bio-Logic) to a text format
(.mpt) for processing. High-frequency resistance (HFR) between the
reference and working electrodes was measured by using con-
stant-voltage electrochemical impedance spectroscopy with an
amplitude of 20 mV and a frequency of 100 kHz centered on the
most recently measured working electrode (cathode) potential.

Product quantification

Product gas composition was measured by using a GC system
(Agilent 7890B) with HP-PLOT Q PT and HP-PLOT Molesieve col-
umns (Agilent) and Argon carrier gas (Airgas, UHP Grade 5.0). Gas
samples from a 1 mL sample loop were periodically injected into
the GC by a software-controlled 8-way valve driven by compressed
air. A thermal conductivity detector (TCD) was used to quantify all
gases of interest. The method can detect permanent gases and
light hydrocarbons such as methane, ethane, and ethylene. Howev-
er, only CO and H2 were included when calculating product gas
mole fractions.

Capacitance measurements

Capacitance was estimated by regressing the measured working
electrode charging current as function of potential sweep rate.
Sweep rates ranged from 50–500 mV s@1 in increments of
50 mV s@1. The voltage range was chosen to avoid both HER and
OER, which were anticipated to occur at approximately @0.70 and
+ 0.53 V vs. Hg/HgO (pH 13.6), respectively. For an ideal capacitor,
the charging current is a plateau; however, for porous rough elec-
trodes a non-zero resistive contribution leads to a sloped charging
current. Therefore, for consistent calculations, the charging current
ic was determined at the center of the voltage window (@25 mV
vs. Hg/HgO) by taking the average of the absolute values of the
anodic (ic,A) and cathodic (ic,C) charging currents according to Equa-
tion (7):

ic ¼
ic;A

44 44þ ic;C

44 44
2

ð7Þ

The slope of the charging current as a function of sweep rate plot
was taken to be the capacitance, whereas the y-intercept was
taken to be the baseline faradaic current. There was some increase
in the y-intercept over time (Figure S15 in the Supporting Informa-
tion) that can be attributed to H2 oxidation. For reference, the
equilibrium potential for H2 oxidation at pH 13.6 is approximately
@0.7 V vs. Hg/HgO, so it follows that a small amount of back-
ground faradaic current would be recorded in this voltage region
when H2 is present in the GDE.

Breakthrough pressure measurements

Breakthrough pressures were measured by using a custom-built
capillary pressure imbibition apparatus (Figure S10 in the Support-
ing Information). Samples with 7 mm diameters were punched
from the parent materials and then sealed inside a custom sample
holder with O-rings (McMaster-Carr, 1171N119) for each measure-

ment. A syringe pump (Harvard Apparatus Pump 11 Pico Plus Elite)
set at 7.5 mL min@1 and loaded with two 5 mL BD (Becton Dickin-
son) syringes was used to apply deionized water pressure to one
side of the porous sample; the gas-side pressure matched that of
the ambient air in the laboratory. Samples were oriented with
MPLs contacting the liquid chamber. A USB camera (Celestron
Handheld Digital Microscope Pro) was set to record time-lapse 2.1-
megapixel images of the CFS side of the GDE. The images were
used to determine the locations of the liquid droplets that pene-
trated the sample and emerged on the air side of the sample.
Liquid-side pressure was measured with a pressure transducer with
an operating range of 0–1 bar and a 4–20 mA current output
(OMEGA, MMG015C1B3A0T3A5), transmitted by a National Instru-
ments DAQ, and logged with LabView. The hydraulic head
(8.5 mbar) owing to the transducer position below the sample was
subtracted from all measurements.

Scanning electron microscopy

Surface images of the GDE components (Figure S1 in the Support-
ing Information) were taken with a Zeiss Merlin SEM equipped
with an Inlens detector and operated at an accelerating voltage of
10 kV. Cross-section images (Figures 1 and S12–14 in the Support-
ing Information) were taken by using a Zeiss Gemini Ultra55 SEM
equipped with secondary electron (SE) and energy dispersive spec-
troscopy (EDS) detectors for imaging and qualitative elemental
analysis, respectively. Elemental mapping (Figures S12–14 in the
Supporting Information) within a 512 V 400 pixel working area was
performed by using a 15 kV accelerating voltage, approximately
8.5 mm working distance, 60.0 mm aperture, and 200 ms dwell time.
A total of 20 frames were used to generate each elemental map in-
cluding C, O, F, K, and Ag.
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